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ABSTRACT
We present the initial results of an observational study into the variation of the dominant length scale of quiet solar
emission: supergranulation. The distribution of magnetic elements in the lanes that from the network affects, and
reflects, the radiative energy in the plasma of the upper solar chromosphere and transition region at the magnetic
network boundaries forming as a result of the relentless interaction of magnetic fields and convective motions of
the Suns’ interior. We demonstrate that a net difference of ∼0.5 Mm in the supergranular emission length scale
occurs when comparing observation cycle 22/23 and cycle 23/24 minima. This variation in scale is reproduced in
the data sets of multiple space- and ground-based instruments and using different diagnostic measures. By means
of extension, we consider the variation of the supergranular length scale over multiple solar minima by analyzing
a subset of the Mount Wilson Solar Observatory Ca ii K image record. The observations and analysis presented
provide a tantalizing look at solar activity in the absence of large-scale flux emergence, offering insight into times of
“extreme” solar minimum and general behavior such as the phasing and cross-dependence of different components
of the spectral irradiance. Given that the modulation of the supergranular scale imprints itself in variations of
the Suns’ spectral irradiance, as well as in the mass and energy transport into the entire outer atmosphere, this
preliminary investigation is an important step in understanding the impact of the quiet Sun on the heliospheric
system.
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1. INTRODUCTION
The spectral constituents of the total solar irradiance (TSI)
can vary considerably over a solar cycle (e.g., Fro¨hlich & Lean
2004). As Figure 1 demonstrates, the Solar and Heliospheric
Observatory (SOHO)/VIRGO (Fro¨hlich et al. 1995) TSI and
Penticton 10.7 cm solar radio flux (F10.7; Covington 1969)
change considerably over solar cycle 23 and into 24 (1996 into
2010). They are globally in phase with the sunspot number
(SSN), but show subtle changes in response during the lengthy
23/24 solar minimum. That difference is likely the result of the
physical origins of the radiation being monitored as a proxy to
solar activity, an issue of current debate (and concern) in the
Sun–climate community (e.g., Haigh et al. 2010). In addition,
there is contention as to whether or not the radiative output of
the Sun varied across minima (Fro¨hlich 2009) or if instrumental
bias was at play—a debate that has grown out of the necessary
cross-calibration of the discontinuous space record (Scafetta
& Willson 2009). It seems that the recent solar minimum has
offered a chance to “calibrate” the discussion.
At times of high solar activity, the X-ray and extreme-
ultraviolet (EUV) radiance (driven by changes in large-scale
coronal magnetic morphology) dominate the TSI variation
while, during quieter epochs, the TSI variation is dominated
in the ultraviolet (UV) and infra-red (IR) radiance. The UV and
IR components are, themselves, driven by contributions from the
ever-present, relentlessly evolving, supergranular and granular
length scales of emission in the transition region, chromosphere
and photosphere (e.g., Fro¨hlich & Lean 2004). At times of solar
minimum, it is the interplay of these components (with radiative
losses that are sensitive function of scale and magnetic flux
distribution) that dominate the variance of the TSI and becoming
the radiation bands that directly impact the chemistry of Earth’s
upper atmosphere (e.g., Marsh et al. 2007).
Unfortunately, a complete underlying physical understanding
of the process(es) that are driving the radiative variation of
our star is distant. As our knowledge of the mass and energy
transport through the solar atmosphere improves, we will
gain a better understanding of the intricate physics behind
each component of the spectral irradiance. In this Letter, we
investigate the dominant length scale of emission in the quiet
chromosphere and transition region, the ubiquitous magnetic
network —the fundamental length scale of the mass and energy
release into the quiet corona and solar wind (e.g., McIntosh
et al. 2007; McIntosh & De Pontieu 2009; De Pontieu et al.
2011; McIntosh et al. 2011).
In the following sections, we discuss the observations studied
and the methods applied to them, before discussing our results
and placing them in context with a preliminary analysis of
a much longer image timeseries, the Mount Wilson Solar
Observatory (MWO) Ca ii K spectroheliogram archive.
2. OBSERVATIONS
We make use of data from five independent sources to study
the variation of the emission and magnetic scales present in
the transition region and photosphere over the course of solar
cycle 23 and into the early portion of cycle 24. Our primary
data source is the SOHO spacecraft (Fleck et al. 1995) with
particular emphasis on the 96 minute MDI (Scherrer et al. 1995)
line-of-sight (LOS: 300s exposure) magnetograms and EIT
(Delaboudinie`re et al. 1995) He ii 304 Å (four per day) synoptic
data sets. We supplement these observations in the declining
phase of cycle 23 with the STEREO/SECCHI EUVI (Howard
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Figure 1. From bottom to top these plots show the variation in the mSSN (green), F10.7 solar radio flux (red), and the SOHO/VIRGO TSI (blue) over solar cycle 23.
Horizontal dashed lines illustrate typical values at the deepest portion of the cycle 22/23 solar minimum; 1365.1 W m−2 and 65 sfu. While the mSSN and F10.7 appear
to “bottom-out” in late 2007 through late 2009 the TSI continued decreasing, bottoming out in the fall of 2009.
et al. 2008) He ii 304 Å image sequences along with Ca ii K
3936 Å channel images from the Precision Solar Photometric
Telescope (PSPT; Rast et al. 2008) at the Mauna Loa Solar
Observatory (MLSO).
3. METHOD
For a SOHO 304 Å image and LOS magnetogram pair
taken near 13 UT on 2008 April 10, we compute the mean
supergranular cell radius (〈r〉), using watershed segmentation
of the image, and “Magnetic Range of Influence” (MRoI;
McIntosh et al. 2006) techniques. To minimize the effects
of LOS foreshortening of the cells and contamination of the
magnetograms we will only consider the statistics of the region
within 60% of a solar radius (Rs) from disk center.
As originally presented with application to solar UV images,
watershed segmentation (e.g., Lin et al. 2003, 2005) uses an
intensity image as a topographic map where the brightest regions
in the image are peaks and the darkest are troughs (McIntosh
et al. 2007). The algorithm then drops “water” onto the map at
random locations, that water then “flows” downhill until it finds
the nearest trough, which then starts to fill. When neighboring
troughs fill, their intersection forms a watershed, mapping out
the topographic boundary between them, outlining the network.
Applied to a solar image (see Figure 2, panel (a)) out to
0.98 Rs these watershed boundaries outline the supergranular
network (panel (b)). We calculate the cell area and radius of
each watershed basin by counting the number of pixels in the
basin interior and computing the radius of gyration for those
pixels (panel (c)). The value of 〈r〉 used below is derived
from the mean of the resulting distribution (panel (d)) in the
central 0.6 Rs. The gray shaded outline of the distribution
shows the distribution range after performing a Monte Carlo
test—computing 1000 segmentations of the image where, in
each instance, 10,000 randomly chosen pixels have had Poisson
noise added. For the image shown, 〈r〉 = 24.08 Mm with a
variance of 0.01 Mm. Note that the variance of the mean in
any one image is considerably smaller than the annual and
monthly variations in the value itself. For PSPT images we
compute 〈r〉 using the “iterative medial axis transform” of
Berrilli et al. (1999, 2005), which is completely independent
of the watershed segmentation technique based instead on an
iterative estimate of pixel connectivity. For the sake of brevity
the interested reader is referred to Goldbaum et al. (2009) for
further detail on the analysis technique as it is applied to PSPT
images.
An alternate measure of spatial scale in the lower solar
atmosphere is the MRoI (Figure 3). The MRoI is derived from
2
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Figure 2. Watershed segmentation applied to a SOHO/EIT 304 Å image taken on 2008 April 10, 13:18UT. Panel (a) shows the 304 Å image overlaid with the (black)
EIT 195 Å 150 DN iso-intensity contour to illustrate weak, possibly coronal hole, emission and the white dashed circle of radius 0.6 Rs . Panel (b) shows the same
image following application of the watershed segmentation; the boundaries of the supergranular cells are black. Panel (c) shows the cells color-coded by radius. Panel
(d) shows the distribution of cell radii in the central portion of the image and how the envelope, width, and mean of the distribution change following 1000 Monte
Carlo realizations of the image.
LOS magnetograms (panel (a)) and is defined as the distance
required by the magnetic field measured in one pixel to find
the magnetic flux of equal magnitude and opposite sign such
that the sum over that distance is zero. Therefore, the MRoI
(panel (b)) estimates the distance needed to “balance” or “close”
the magnetic field, providing information about the separation
of magnetic elements in the photosphere and, therefore, of the
vertices of the supergranular network. For the disk-center region
of the magnetograph shown here the distribution of MRoI values
in the region (panel (c)) is well represented by a power law with
index −1.718 (±0.094) where the error is that of the linear fit
to the log–log distribution.
4. ANALYSIS
Several thousand SOHO/EIT 304 Å synoptic images taken
over the last 14 years (and the twin STEREO spacecraft images
over the past four) are analyzed, including the “unusual” solar
activity minimum of 2009. Applying the watershed segmenta-
tion and MRoI processing techniques (discussed above) on these
large image data sets we are able to characterize variations in 〈r〉
and a measure of the length-scale distribution of the magnetic
elements that comprise the vertices of the supergranule cells.
The observations of the STEREO spacecraft (in the same He ii
304 Å channel) and ground-based observations from PSPT in-
strument are used to validate the observed variance, particularly
through the 2009 solar minimum.
Figure 4 illustrates the variation in these various scales over
solar cycle 23 and into the start of cycle 24. The top four
panels, from top to bottom, show the variation in 〈r〉 for
SOHO/EIT (black dots), STEREO-A (green dots), STEREO-B
(blue dots), and PSPT (red dots). In addition, these panels
show the variation in the solar radius as observed from each
platform (dot-dashed line) that are used to correct for subtle
annual variation in the size of the Sun in the images that is not
taken into account in the segmentation analysis. The variation in
solar radius is used to correct the raw segmentation values in a
simple fashion—in each case 〈r〉 and solar radius form a linear
relationship, the gradient of this relationship is then used to
adjust the measured timeseries. The most notable excursion of
〈r〉 is for STEREO-B where the solar radius varies annually
by nearly 9%. For the PSPT analysis, shown in the fourth
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Figure 3. MRoI applied to a SOHO/MDI LOS magnetogram taken closest to the image used in Figure 2 (2008 April 10, 12:51UT). Panel (a) shows the MDI LOS
magnetogram used while panel (b) shows the MRoI map for that magnetogram. Again we show the dashed circle of radius 0.6 Rs. Using the disk center values we
determine the distribution of MRoI values (panel (c)) along with a linear fit (green line).
row, we need to multiply 〈r〉 by an factor of 1.9 to match
the scale determined from the space-based observations likely
due to photospheric contributions to the measurements and the
differing segmentation algorithm employed. We note that this
analysis is focused on the difference between solar minima
and the trends, which Figure 4 clearly shows, are common
to all of the diagnostics—it is unlikely that systematic errors
in the analysis techniques can account for the minimum-to-
minimum variation observed. The fifth row of the figure shows
the correspondence between the four adjusted timeseries in
comparison with the SOHO/VIRGO TSI (yellow; cf. Figure 1).
The correspondence of the diagnostics, their minimum scale,
phase, and variance going into the recent solar minimum is
striking, and we feel that this is a strong indication that the
reduction of 〈r〉 of the recent solar minimum, by about 0.5 Mm
on average, is a result of changes on the Sun and not instrumental
in nature. We also note the correspondence between the period
where 〈r〉 falls below 25 Mm is exactly when the SOHO/VIRGO
TSI is reduced below 1365.1 Wm−2 and both recover in phase
with one another in the last quarter of 2009. This suggests
that the reduction in the dominant emission scale of the quiet-
Sun network is directly responsible for that portion of the TSI
variation.
Finally, we investigate the magnetic roots of the supergranular
structure itself through the MRoI (bottom row) making the as-
sumption that the power-law index (δ) of the MRoI distribution
provides information about the separation between magnetic
flux aggregations in the MDI magnetograms, where a flat distri-
bution (small δ) would indicate significant spread in the scale,
and steep distribution (larger δ) would indicate that there are
more shorter length scales present in the MRoI maps and that
the net separation of the flux elements is smaller. From the plot-
ted distribution (black triangles) we see that δ increases from
−1.6 in the cycle 22/23 minimum, flattening out at solar max-
imum, before approaching −1.95 in the middle of 2009. From
the last quarter of 2007 through the last quarter of 2009, we see
that δ is lower than the values of the previous minimum—we
interpret this as a very strong indication that the magnetic field
decayed to smaller length scales than those of the previous min-
imum, a deduction that validates our previous diagnosis that 〈r〉
is reduced substantially.
4.1. MWO Calcium Archive Network Variation
A natural, but preliminary, expansion of our investigation lies
in the analysis of the MWO Ca ii K spectroheliogram digital
archive.5 Applying watershed segmentation to the digitized
images covering three complete solar cycles (1944 to 1976)
we see the results in Figure 5 (red dots) plotted versus the
monthly SSN (mSSN; green dots) over the same epoch. There
is significantly more spread in 〈r〉 determined from these images
than those shown above. The most pronounced signature in the
timeseries is the slower decay of 〈r〉 in the descending phase
of the three cycles hinting that it provides some measure of the
global diffusion timescale of the magnetic fields (Hagenaar et al.
1997; Srikanth et al. 1999; Hathaway et al. 2010). This feature
is also evident in the contemporary data (Figure 4) prompting a
study of coronal holes and the impact of local unipolarity on the
supergranule cells, where they appear to be bigger (Figure 1c).
We must be careful in not drawing too strong a conclusion from
the watershed analysis of the MWO archive. It does, however,
provide significant motivation for a future study involving other
digital archives that span a similar timeframe, like those from
Arcetri and Kodaikanal (e.g., Ermolli et al. 2009; Foukal et al.
2009), linking them, through observations taken by the National
Solar Observatory (e.g., Worden et al. 1998), through the 1980s
to overlap with PSPT and SOHO. To validate any impact of
coronal holes on the historical data record, digitization projects
should be expanded to Hα where the lack of fibril structure in
the broadband images is used to identify coronal holes (Fox
et al. 1998).
5. DISCUSSION
Supergranulation is a flow pattern visible at the solar sur-
face that is either driven by the convective motions of the so-
lar interior or emerging directly from the self-organization of
granular flows (e.g., Rieutord et al. 2000; Rast 2003; Crouch
et al. 2007). The network pattern that results from the flow field
is the dominant scale of the “quiet” solar atmosphere, form-
ing a network of magnetic conduits through which mass and
5 Information about the MWO Ca ii K image archive can be found
(http://ulrich.astro.ucla.edu/MW_SPADP/index.html) online.
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Figure 4. From top to bottom, the variation in 〈r〉 determined from the SOHO/EIT, STEREO-A EUVI, STEREO-B EUVI, PSPT, image sequences, and the power-law
exponent (δ) of the SOHO/MDI MRoI. The upper four panels show the uncorrected for EUV image, corrected for PSPT, values of 〈r〉 and variation in the solar radius
(dot-dashed line) as seen from each observing platform–used to correct the EUV timeseries. In the fifth row, we show the adjusted timeseries and compared to the
SOHO/VIRGO TSI timeseries (orange dots) from Figure 1. For reference we draw dashed lines for an 〈r〉 = 25 Mm, TSI of 1365.1 W m−2, and MRoI δ of −1.7 on
the appropriate panels.
energy are driven into the corona and heliosphere. A direct con-
sequence of the resulting circulation of (heated and cooling)
plasma in the outer solar atmosphere is the production of the
UV/EUV radiation that continuously bathes the Earth. There-
fore, monitoring variations in this length scale is an important
factor in assessing the Suns’ direct (radiative in the form of the
TSI) and indirect (from the solar wind and the components of
the spectral irradiance) forcing of the Earth and its climate. In
the case of the recent solar minimum we believe that the changes
in the chromospheric network, and possible weaker quiet-Sun
fields, are largely responsible for the continued reduction of the
TSI over what might have been expected based on previous solar
minima.
From the variation in length scale observed we deduce that the
magnetic roots (vertices) of the supergranular network decayed
to a smaller length scale than in the previous minimum and
5
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likely relating to the low activity of the recent solar minimum
(see e.g., McComas et al. 2008; Gibson et al. 2009; Solomon
et al. 2010; McDonald et al. 2010, among many others). We
stress that while the length scale derived from our analysis may
not precisely represent that scale on the Sun, the systematic
nature of our study suggests that the differential measurement is
robust. Further, the continuation of the magnetic field diffusion
to smaller length scales may in part explain the upturn in the
longer wavelength (optical) radiation observed as the shorter
(UV/EUV) wavelength emissions decrease (Haigh et al. 2010).
If the very small magnetic elements diffuse away from the
supergranule vertices, becoming more evenly spread, then the
“hot wall” effect on those discrete bundles of magnetic field
(Spruit 1976) can, in principal, increase the net long-wavelength
radiation of the ensemble of individuals compared to the original
network conglomerate. It is unclear what physical process,
or processes, in the solar interior drive the occurrence, or
modulation, of the supergranular network. However, recent
results (Hathaway & Rightmire 2010; Hathaway et al. 2010)
have pointed to subtle variations in the Suns’ internal convection
pattern that directly affect the creation, movement, and dispersal
of magnetism over the course of cycles and, with particular effect
over this “unusual” solar minimum.
The energetic ramifications of this apparent evolution in
supergranular network scale on the heliospheric system: a
less dense solar wind and corona (McComas et al. 2008),
significantly reduced soft X-Ray, EUV, and UV emission
(Solomon et al. 2010), etc., might be consistently explained
if we think more about how a supergranule is constructed. What
is the fundamental mechanism is for the heating and release
of magnetic energy in that structure (De Pontieu et al. 2011),
and how is that energy distributed in the outer atmosphere
(McIntosh et al. 2007, 2011)? The apparent paradox of smaller
scale equating to less emission, mass input, etc. leads us to
speculate that the energetic output of supergranules is not as
simple as the UV/EUV radiation and mass lost into the solar
wind scaling linearly with a change in the field strength, rather
depending more on the complexity of the smaller scale magnetic
flux elements that comprise the network vertices. For the case
of the recent solar minimum it is possibly that we crossed a
threshold of energy production driven, in large part, by the fact
that the supergranular vertices diffused, reducing the frequency
and strength of the heating events rooted there. This is a topic to
be explored in future work, where it is hoped that the Interface
Region Imaging Spectrograph6 will permit an investigation into
the scaling of energy release into the outer atmosphere with
6 IRIS: http://iris.lmsal.com
the complexity of the magnetic field in the photosphere and
chromosphere.
It is similarly enticing to speculate about the connection of
this result to the Maunder Minimum as a possible cause of
the Little Ice Age (Eddy 1976). Clearly, we experienced a
significant number of spot-free days from 2008 and through
2009. The evidence presented in this Letter is consistent with a
picture where the magnetic flux of the quiet Sun has decayed to
smaller and smaller length scales because larger scale organized
flux has not been injected into the system. Note that the
system responds dramatically once that injection takes place,
as can be readily observed in Figure 4. What happens to these
scales when organized large-scale flux is not erupting through
the photosphere for several years, or decades, catastrophic
breakdown in mass transport in the outer atmosphere with a
resulting knock-on in radiative and particulate output? Recent
estimates have been made to recreate the magnetic and radiative
conditions during the Maunder Minimum (see, e.g., Wang &
Sheeley 2003; Tapping et al. 2007; Krivova et al. 2010), but
we must strive to understand the basic physical processes, and
radiative scales, affecting the star’s radiative and particulate
output in contemporary observations or those of the near future
(see above). Then, we can investigate how various components
of the spectral irradiance have on Earth’s atmosphere (Marsh
et al. 2007; Haigh et al. 2010) at all epochs of solar activity,
from hyper-active maxima to grand minima.
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tional Science Foundation; R.J.L.: NNH08CC02C from NASA).
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